Auxotrophic, spore color, and alkaloid biosynthetic mutants of Penicillium roquefortii were selected after N-methyl-N'-nitro-N-nitrosoguanidine treatment. Diploids were obtained via protoplast fusion techniques, and the segregants from a diploid were genetically analyzed. The data demonstrated the potential of parasexual recombination in this organism. Evidence was obtained which suggests that the his and sts (sensitivity to Sulfatase) genes may be linked. The genetic information obtained in this study can serve as a starting point for further mapping of genes in P. roquefortii, and indications are that this organism may serve as a promising vehicle for the genetic study of the formation of ergoline alkaloids.
Ergot alkaloids are typically obtained from different species of Claviceps (6) . Although there have been many biosynthetic and physiological studies on the formation of the ergot alkaloids in Claviceps species, only a limited number of genetic studies have been performed with this organism (9, 15, 16, 18) .
Conidiospores are produced by some strains of the fungus in saprophytic culture; however, the sexual cycle with the production of ascospores can only be completed by passage through a host plant. To achieve genetic recombination for genetic studies in Claviceps spp., either the laborious and time-consuming processes involving parasitic field cultivation on rye would be required or the parasexual cycle could be utilized. Unfortunately, the parasexual cycle has never been demonstrated in Claviceps spp.
One of the fungal species producing ergot-type alkaloids is Penicillium roquefortii (11) , commonly used for the production of blue cheeses. This fungus has advantages over Claviceps spp. for performing genetic studies. It produces uninucleated conidiospores on solid media within 1 week of incubation, thus it is easy to obtain uninucleated entities for analysis. Also, spore color mutants can be recovered so that visual genetic markers can be used in addition to biochemical markers in genetic analysis.
Although the parasexual cycle has not yet been demonstrated in P. roquefortii, there are many species of Penicillium in which the parasexual cycle has been demonstrated (5, 12, 17) . Also, heterokaryon formation, an important first step in the parasexual cycle, has been obtained through the protoplast fusion technique in P. roquefortii (4) . In this report, parasexual recombination is demonstrated in P. roquefortii, and genetic aspects of production of alkaloids in this organism are discussed.
MATERIALS AND METHODS
Strains and culture conditions. P. roquefortii Thom (NRRL 849) was used for this study. All mutant strains used in the experiments were obtained after treatment of conidiospores with N-methyl-N'-nitro-N-nitrosoguanidine (Aldrich Chemical Co., Milwaukee, Wis.). For the protoplast fusion experiment, agreen-sporulating histidine auxotroph (1-5 grn+ his) and a yellow-sporulating nicotinic acid auxotroph (45-3 ylo nic) were used.
Potato Holliday (7) by adding 0.1 ml of stock solution of the required nutrient pool to 25 ml of MM. P. roquefortii was maintained by transferring spores to potato dextrose-yeast agar slants every 6 months. After 10 to 14 days, the culture was fully sporulated and placed under refrigeration. For alkaloid production, shake cultures were prepared by transferring spores from an agar slant to NL-406 liquid medium (13) . After 2 to 3 days of incubation on a gyratory shaker at 24°C and 230 rpm, the culture was homogenized in a Waring blender and 2 ml of the culture was transferred to fresh NL-406 medium.
Mutation techniques. Conidiospores (108 to 109) were incubated in 20 ml of distilled water containing 240 ,ug of N-methyl-N'-nitro-N-nitroso-guanidine per ml in a 125-ml Erlenmeyer flask with constant stirring for 50 min. After the spore suspension was filtered through a sintered-glass funnel (fine), the spores were washed with MM three times, and the spores were resuspended in 5 ml of 20% glycerol. Serial dilutions were made by pipetting the spore suspension to distilled water.
Protoplast formation and fusion. Protoplasts from strain 45-3 ylo nic were prepared by incubating (30°C, 4 to 6 h) and shaking (100 rpm) 1 g of 48-h-old mycleium in 10 ml of 0.7 M KCI containing 20 mg of Sulfatase (type H 1; Sigma Chemical Co., St. Louis, Mo.) per ml. Protoplasts from strain 1-5 grn+ his were prepared by treating with a mixed enzyme solution of strepzyme (2) at 10 mg/ml and Novozyme (Novo Industri A/S, Bagsvarrd, Denmark) at 5 mg/ml. After the resulting protoplasts were washed twice with 0.7 M KCl and centrifuged at 6,000 x g for 10 min, the reconstituted protoplast solution was passed through a coarse sinteredglass funnel to remove the mycelial debris. Protoplasts were fused after treatment with polyethylene glycol, molecular weight 6000 (PEG), using a modification of the procedure of Spalla and Marnati (15) RESULTS AND DISCUSSION Heterokaryon formation was achieved in P. roquefortii via the technique of protoplast fusion. Complementation of the auxotrophic requirements for histidine and nicotinic acid on MM diagnosed heterokaryon formation in a frequency of 0.08%. Subsequent microscopic examination of green conidiospores produced by colonies of heterokaryons provided a direct method of distinguishing diploid spores from haploid segregants and parental strains. It has been demonstrated for a number of filamentous fungi that the size of conidiospores increases with ploidy. The first report of this phenomenon was with Aspergillus nidulans in which diploid conidia had a diameter of approximately 1.3 times that of parent (haploid) strains (14) . The same observation has been made with diploid spores obtained from interspecific somatic hybrids of Penicillium species (2, 3). In our case the ayerage diameter for diploid conidiospores of P. roquefortii was 5.67 ,um and that for haploid conidiospores was 4.16 ,um, giviiig the diploid spores an average diameter 1.36 times greater than the haploid conidia ( Table 1) .
The segregants developed from a single diploid conidiospore on PFA-CM were categorized into nine types on the basis of spore color, nutritional status, and ploidy ( gants produced to indicate that genetic recombination had taken place. Linkage could not be demonstrated between the three genetic markers used since they recombined into all possible combinations. If colony type 9 is a true diploid as suggested by the size of the conidiospores, it could arise from nondisjunction in chromosomal segregation during mitosis according to the model proposed by Kafer (8) . In this case an aneuploid (2n + 1) would form, with the extra chromosome carrying the gene for yellow spore color (ylo). During subsequent mitosis the supernumerary chromosome would be lost, accounting for the loss of the wild-type spore color gene (grn+). The resulting diploid segregant would have homozygous chromosomes for yellow spore color.
In the investigation of alkaloid production by P. roquefortii, all strains reported in this study were cultivated in submerged culture over a 20-day period and sampled at 5-day intervals for growth (measured as mycelial dry weight) and production of ergoline alkaloids in the culture filtrate. It was observed from these studies that maximum alkaloid production occurs at approximately day 15 of fermentation. In comparing cell growth and alkaloid production of the wild type, the two parent mutant strains (ylo nic and grn+ his), and a diploid strain selected from a heterokaryon after protoplast fusion, certain patterns of production were associated with the various strains ( Table 2 ). The wild-type strain exhibited good alkaloid production and growth and produced both isofumigaclavine A and the nonergoline roquefortine as major alkaloids. Whereas we did not find mutants blocked in ergoline alkaloid biosynthesis, the two parent mutant strains did exhibit differences in production from the wild-type strain. Mutant 45-3 ylo nic had better growth with a slightly reduced alkaloid productivity compared with the wild-type strain. In addition, this strain produced isofumigaclavine A as the major alkaloid. The opposite was the case for mutant 1-5 grn+ his, which produced roquefortine as the major alkaloid with poor growth and ergoline alkaloid production compared with the wild-type strain. The character of the diploid strain was very similar to that of the wild-type strain, indicating that complementation has occurred in physiological characters in addition to auxotrophy and spore color.
Segregants of different colony types were arbitrarily chosen and their growth and alkaloid productivity were tested. The segregants could be categorized into two groups, one group resembling the mutant 1-5 grn+ his and the other resembling the mutant 45-3 ylo nic as to alkaloid production (Table 2) . Generally, strains with good growth had good ergoline alkaloid productivity.
Possibly the correlation between good growth and good production in P. roquefortii might be just the consequence of growth. In other words, strains which did not grow well could produce only small quantities of ergoline alkaloid because there was less of the enzymatic machinery for alkaloid production. In this case, the parental strains used for the fusion may have been affected by mutagen only at the cell growth level and not at the ergoline alkaloid production level.
Since the parental haploid strain 1-5 grn+ his was a poor producing strain, it was considered that the histidine gene might have something to do with ergoline alkaloid production. Even though segregants S4-1 ylo nic his and S9-4 ylo + his support this hypothesis, segregant S2-9 grn+ + his showed good alkaloid production, indicating that the histidine gene is not a determinant in production.
Concerning alkaloid production, it was interesting to note that the wild type and the diploid strains produced both isofumigaclavine A and roquefortine as major alkaloids. In the case of the haploid mutant parenteral strains, 45-3 ylo nic produced isofumigaclavine A as the major alkaloid and 1-5 grn+ his produced little isofumigaclavine A as compared with roquefortine. This is reflected also in the quantitative measurement for alkaloid since the assay is designed to detect ergoline alkaloids such as isofumigaclavine A rather than roquefortine. In the segregants the pattern of alkaloid production could not be linked to any one of the three genetic markers used in our studies.
In protoplast formation, cell wall lytic enzymes from Helix pomatia (Sulfatase [Sigma] or ,-glucuronidase/arylsulfatase [Boehringer Mannheim]) were not effective on the wild-type and mutant strains of P. roquefortii with the exception of a yellow-sporulating mutant, the parent strain of mutant 45-3 ylo nic. Novozyme alone or in combination with strepzyme worked successfully on the cell wall of the wild-type strain and some mutants of P. roquefortii, with a yield of onequarter of that obtained with Sulfatase on the yellowsporulating mutant.
Since strain 45-3 ylo nic was the only strain of those investigated which was sensitive to the action of Sulfatase, it was considered that the cell wall composition might be different from the wild type, which in turn would be under genetic control. To demonstrate the genetic recombination of the sensitivity of cell wall to the enzyme, the ability of the segregants to yield protoplasts with Sulfatase was tested. All of the conditions were identical to those used for the fusion experiment. All segregants prototrophic for histidine showed sensitivity (designated as sts) to the enzyme and histidine auxotrophs showed resistance to the enzyme (Table 2) . Since any strain which showed sensitivity to the enzyme was directly related to the parent strain 45-3 ylo nic, and there is no case of recombination between sts and his, it is possible that these genes are linked.
In the case of the diploid prototroph which showed resistance to Sulfatase, it can be explained that the sensitivity to Sulfatase (sts) inherited from strain 45-3 ylo nic could be compensated with resistance to Sulfatase (sts+) inherited from the 1-5 grn+ his parent, resistance being dominant and inherent in the wild-type strain.
The genetic information obtained in this study can serve as a starting point for further mapping of genes in P. roquefortii, and indications are that this organism may serve as a promising vehicle for the genetic study of the formation of ergoline alkaloid.
